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Abstract
26
Most peri-alpine shallow aquifers fed by rivers are oxic and the drinking water 27 derived by riverbank filtration is generally of excellent quality. However, observations 28 during past heat waves suggest that water quality may be affected by climate change 29 due to effects on redox processes such as aerobic respiration, denitrification, 30 reductive dissolution of manganese(III/IV)-and iron(III)(hydr)oxides that occur during 31 river infiltration. To assess the dependence of these redox processes on the climate-32 related variables temperature and discharge, we performed periodic and targeted 33 (summer and winter) field sampling campaigns at the Thur River, Switzerland, and 34 laboratory column experiments simulating the field conditions. Typical summer and 35 winter field conditions could be successfully simulated by the column experiments. 36
Dissolved organic matter (DOM) was found not to be a major electron donor for 37 aerobic respiration in summer and the DOM consumption did not reveal a significant 38 correlation with temperature and discharge. It is hypothesized that under summer 39 conditions, organic matter associated with the aquifer material (particulate organic 40 matter, POM) is responsible for most of the consumption of dissolved oxygen (DO), 41 which was the most important electron acceptor in both the field and the column 42 system. For typical summer conditions at temperatures >20°C, complete depletion of 43 DO was observed in the column system and in a piezometer located only a few 44 meters from the river. Both in the field system and the column experiments, nitrate 45 acted as a redox buffer preventing the release of manganese(II) and iron(II). For 46 periodic field observations over five years, DO consumption showed a pronounced 47 7 A groundwater flow and transport model was set up for low-flow conditions 152 (23 m 3 /s) and was calibrated against groundwater heads and experimentally 153 determined travel times (Diem et al., 2012; . According to the resulting 154 groundwater flow field (Fig. 1b, c) , river water is naturally infiltrating into the aquifer, 155 both at the forest and the pumping station transect. The low abstraction rate of the 156 pumping well was found not to have any significant effect on the infiltration rate or the 157 groundwater flow field. Groundwater flow velocities were in the order of 5-10 m/d at 158 the pumping station transect and ranged between 20-50 m/d at the forest transect. 159
Neither the pumping station transect nor the forest transect can be considered 160 as a typical riverbank-filtration system with high abstraction rates considerably 161 changing the groundwater flow field. Yet, both transects qualify for studying the 162 microbial degradation processes during river infiltration and their dependencies on 163 the climate-related variables temperature and discharge. Compared to the pumping 164 station transect, the forest transect has the advantage of higher flow velocities and 165 shorter residence times to the closest piezometers, which allows a more detailed 166 assessment of the NOM degradation dynamics. Therefore, in this paper, we focus on 167 results from the forest transect. 168 Fig. S1 ). Samples were taken in different 178 piezometers at the forest transect. For better clarity, we only present results from a 179 representative subset of the sampled piezometers (Fig. 1c) . 180
The groundwater samples were pumped by a submersible electric pump 181 (Whale®, Bangor, Northern Ireland) with an average pumping rate of 10 L/min. 182
Before taking the in-situ measurements and the samples, we pumped at least 20 L 183 (twice the piezometer volume) and waited until the electrical conductivity (EC) of the 184 pumped groundwater was stable. We measured DO concentrations (LDO10115 185 (optical sensor), Hach Lange GmbH, Berlin, Germany, accuracy ±0.1 mg/L), pH and 186 temperature (PHC10115, Hach Lange GmbH, Berlin, Germany, accuracy pH ±0.1, 187 T±0.3 K) and EC (Cond 340i, WTW GmbH, Weilheim, Germany) in a 10 L bottle, 188 which was constantly flushed with groundwater. The small opening on top of the 189 bottle minimized the gas exchange with the atmosphere and thus guaranteed reliable 190 DO measurements at near-zero concentrations. Groundwater and river water was 191 filled into polypropylene bottles (1 L), filtered within 24 h through a 0.45 µm cellulose 192 nitrate filter (Sartorius AG, Göttingen, Germany) and stored at 4°C until analysis. 193
Concentrations of DOC (to quantify DOM), nitrate, ammonium and major ions were 194 measured in the river water and groundwater samples (for analytical method see 195 section 3.4). 196 DO, as well as temperature and discharge were continuously measured (10-min 197 intervals) in the Thur River at a gauging station of the Federal Office for the 198 Environment (FOEN), which is located in Andelfingen, 10 km downstream of our field 199 site (Fig. 1a) . The river DO concentrations in Andelfingen were found to agree well 200 with those at our field site (Hayashi et al., 2012) . DO of an HPLC pump (Jasco PU-2080, Jasco Corporation, Tokyo, Japan) (Fig. 2) . Every 234 three days, the storage tank was replenished with fresh Thur River water stored at 235 5°C. In case of the experiment at 20°C, Thur River water was allowed to equilibrate 236 for about 6 hours before replenishment. No measurable DOM degradation in the 237 storage tank was observed under these conditions. To assess the hydraulics in the 238 column, a tracer test with a 8.55 mM NaCl solution was conducted and the EC was 239 measured at the end of the column. We estimated an effective porosity of 0. Table S1 , supporting information). After that, the column was 246 operated at 5°C with the same feed water in an incubator for 26 days including an 247 equilibration time of 20 days. Thereafter, as a control experiment, the column was 248 operated again at 20°C in an incubator for 28 days including an equilibration time of 249 22 days (water composition 2, Table S2 , supporting information). This control 250 experiment was conducted to test if any of the column properties relevant for the 251 bacterial degradation processes (sand composition, POM concentration/composition) 252 had changed during the operation period at 5°C. 253
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The column featured 15 sampling ports; one at the inlet, 13 along the column 254 and one at the outlet (Fig. 2 ). DO and temperature were continuously measured at 255 the inlet and at the outlet of the column (LDO101 (optical sensor), Hach Lange GmbH, 256
Berlin, Germany, accuracy ±0.1 mg/L, T±0.3 K), while pH was measured after the 257 column (PHC 301, Hach Lange GmbH, Berlin, Germany, accuracy pH ±0.1) in flow-258 through cells ( The DO concentration profiles for the column experiments revealed that the 316 highest DO consumption rate occurred between the first two sampling ports. This is 317 in accordance with other column experiments, for which the highest DO consumption 318 rate was observed within the first centimeter of the column (von Gunten and Zobrist, 319 1993; von Gunten et al., 1994). At 20°C, the initial decrease of DO was followed by a 320 linear decrease in the column, while at 5°C the DO concentration remained constant 321 after the initial decrease (Fig. 5a ). The linear decrease at 20°C suggests a zero-order 322 degradation rate, which means that the DO consumption in the column was not 323 limited by the substrates DO and NOM. The DO profile of the control experiment 324 (performed after the 5°C experiment) was almost identical to the DO profile of the 325 first experiment at 20°C (Fig. S3, supporting information) . This indicates that the 326 14 column properties decisive for the bacterial degradation processes did not change 327 during the operation period at 5°C. 328
We consider aerobic respiration of NOM as the only process responsible for the 329 consumption of DO. Based on measured ammonium concentrations in river water, 330 nitrification (oxidation of ammonium) potentially accounted for ≤2% of the DO 331 consumption in the field campaigns and the column experiments, and can therefore 332 be neglected. The removal of DOM during river infiltration might be attributed to both 333 microbial degradation and abiotic sorption processes (Brugger et al., 2001b) . 334
However, the summer and winter field sampling campaigns were conducted during 335 relatively stable temperature and discharge conditions. It is therefore reasonable to 336 assume that the sorption processes were in steady state and did not affect the 337 removal of DOM. The same is true for the column system, which was equilibrated for 338 ≥20 d before the measurements were taken. Therefore, we assume that microbial 339 degradation processes dominated the abiotic sorption processes, which is in 340 agreement with Sobczak and Findlay (2002) . 341
The DO consumption between the river and the first piezometer (R050) was 342 larger in summer than in winter and that between the column inlet and column outlet 343 was larger at 20 than at 5°C. This is a clear indication of the temperature 344 dependence of the microbially mediated degradation of NOM by aerobic respiration. 345
In contrast, the consumption of DOM was similar during summer and winter 346 conditions with about 0.7 mg C/L (Fig. 4) During summer conditions, DO was nearly completely consumed at the first 354 piezometer R050 (Fig. 4) . Similarly, almost anoxic conditions were observed at the 355 column outlet at 20°C (Fig. 5) (Fig. 7c) is based on the difference between one 412 highly-correlated parameter (DO consumption) and one uncorrelated parameter 413 (DOM consumption), it is necessarily the case that POM consumption will also be 414 highly correlated with temperature (r = 0.7). 415
This result supports the conjecture that the POM consumption is primarily 416 responsible for the variability and temperature dependence of DO consumption, as 417 stated in section 4.2.1. The divergence between the temperature dependencies 418 observed for DO and DOM consumption also have the consequence that DOM 419 consumption accounts for a larger proportion of DO consumption at lower than at 420 higher temperatures. At lower temperatures (<10°C), DOM consumption accounted 421 for 50-100% of DO consumption, while at high temperatures (>15°C), DOM 422 consumption accounted for 0-40% of DO consumption (Fig. 7) . Correspondingly, the 423 calculated POM consumption makes a more important contribution at high 424 temperatures, suggesting that POM is the most important electron donor under these 425 conditions. 426 This conceptual explanation is based on the assumption that DOM resulting 446 from hydrolysis of POM in bacterial biofilms does not contribute significantly to the 447 DOM pool in the sampled groundwater, and hence did not affect the observed DOM 448 consumption (Fig. 7b) . In literature, the hydrolysis of POM is considered to be the 449 rate-limiting step in POM degradation, which implies that the DOM resulting from 450 hydrolysis undergoes fast biodegradation (Valentini et The overall correlation between DO consumption and the daily mean discharge 475 (measured in Andelfingen) was small and not significant (Table S3, supporting  476 information). However, DO consumption increased with increasing discharge up to 477 20 60 m 3 /s and leveled off at 200-300 µmol/L beyond this point (Fig. 8) . As the data for 478 discharges below 60 m 3 /s covered a wide range of temperatures, DO consumption 479 showed only a weak correlation with discharge (r = 0.31). To compensate for the 480 temperature dependence, we defined two temperature ranges, T<15°C (circles) and 481 T>15°C (triangles). Following this separation, we found a significant correlation 482 between DO consumption and discharge for the low-temperature range (r = 0.85). 483 DOM consumption was not correlated with discharge (Table S3 , supporting 484 information) suggesting that the increase in DO consumption is probably caused by 485 an enhanced POM consumption, which supports the notion described above. 486
For the high-temperature range, the correlation between DO consumption and 487 discharge was small and not significant. This result can be explained by the fact that 488 DO consumption for the high-temperature range was already high (200-300 µmol/L) 489 and nearly complete at low discharges. Hence, an increase in discharge could not 490 lead to a significant increase in DO consumption. 491
Another process that might explain the increased DO consumption at higher 492 discharges is the leaching of DOM from the soil and vegetation (root zone) at high 493 groundwater tables. At our field site, this effect was found to be restricted to a zone 494 dominated by the pioneer plant salix viminalis (willow bush) (Peter et Low-discharge conditions are expected to promote the DO consumption as a 503 result of increased groundwater residence times and higher loads of DOM in the river 504 due to less dilution of wastewater effluent (Sprenger et al., 2011) . In our observations, 505 however, DO consumption did not reveal a significant increasing trend for decreasing 506 discharges, regardless of the considered temperature range (Fig. 8) . Furthermore, 507 the DOM consumption did not reveal any significant correlation with discharge, but 508 was positively correlated with DOC concentrations in the river (Table S3, supporting  509 information). However, DOC concentrations in the river increased rather than 510 decreased with discharge; the correlation was weak but significant. This suggests 511 DOM sources other than wastewater treatment plants. In the future, we might have to deal more frequently with extreme events of similar or 522 longer duration and even higher mean river water temperatures. 523
According to our results, the calculated POM consumption showed a 524 pronounced temperature dependence and accounted for most of the DO 525 consumption during summer. Consumption of DO was enhanced during high-flow 526 conditions, probably due to an increased import of POM into the riverbed. On our 527 22 scales of observation, we could not identify any temperature dependence of the DOM 528 consumption, which was rather limited by the fraction of BDOM. Moreover, the 529 expectation that low-discharge conditions would lead to higher DOC concentrations 530 in the river due to less dilution of wastewater effluents, and hence to an increased 531 DOM and DO consumption during river infiltration, is not supported by our data. The grain-size distribution of the riverbed sediments. In gravelly riverbeds, the import 546 of POM is possible to deeper layers, while in sandy or clogged riverbeds, the import 547 of POM might be physically hindered (Brunke and Gonser, 1997) . We therefore 548 anticipate the highest vulnerability to climate change with respect to the redox milieu 549 for riverbank-filtration systems at which infiltration occurs through a gravelly riverbed 550 in direct hydraulic connection to the groundwater table and which are located in 551 catchments without a retention basin. processes (Mouchet, 1992) . Alternatively, in-situ techniques can be used, in which 566 the oxidation processes take place directly in the aquifer (Mettler et al., 2001) . 567
Conclusion
568
We performed field investigations and laboratory column experiments to 569 investigate the dynamics of redox processes during river infiltration and their 570 dependence on the climate-related variables temperature and discharge. The 571 observations of the summer and winter sampling campaigns in the field could be 572 successfully reproduced by column experiments. Particulate organic matter (POM) 573 was identified as the main electron donor for dissolved oxygen (DO) consumption 574 during summer conditions and both the DO and the calculated POM consumption 575 revealed a pronounced temperature dependence. The DO consumption was 576 enhanced during flood events, presumably due to an additional POM input into the 577 riverbed. 578
In our field and column systems, DO was the most important electron acceptor. 579
In summer (T>20°C), DO concentrations in groundwater were close to zero, but 580 denitrification was not observed. Similarly, most of the Swiss aquifers fed by rivers 581 are (sub)oxic under today's summer conditions and nitrate buffers the redox system 582 before it becomes Mn(III/IV)-and Fe(III)-reducing. Therefore, currently there is no 583 need to implement demanganation and deferisation. However, during future summer 584 heat waves, an enhanced availability of POM as electron donor could lead to a full 585 consumption of DO and nitrate, enabling the release of Mn(II) and Fe(II). As the 586 source, quality and quantity of POM and its input into the riverbed are very difficult to 587 assess, it is nearly impossible to find direct intervention strategies. 588
We recommend long-term monitoring of the redox conditions at riverbank-589 filtration systems, which are characterized by an infiltration that occurs through a 590 gravelly riverbed in direct hydraulic connection to the groundwater table, and by 591 catchments without a retention basin. Long-term data will allow taking adequate 592 measures in time, while accounting for the site-specific hydrogeological conditions. 593 6 Acknowledgements 
